Remarkable progress has been made in reducing measles incidence and mortality as a consequence of implementing the measles mortality reduction strategy of the World Health Organization (WHO) and United Nations Children's Fund (UNICEF). The revised global measles mortality reduction goal set forth in the WHO-UNICEF Global Immunization Vision and Strategy for 2006-2015 is to reduce measles deaths by 90% by 2010 compared to the estimated 757,000 deaths in 2000. The possibility of measles eradication has been discussed for almost 40 years, and measles meets many of the criteria for eradication. Global measles eradication will face a number of challenges to achieving and sustaining high levels
of vaccine coverage and population immunity, including population growth and demographic changes, conflict and political instability, and public perceptions of vaccine safety. To achieve the measles mortality reduction goal, continued progress needs to be made in delivering measles vaccines to the world's children.
Introduction
Measles virus (MV) has caused millions of deaths since its emergence as a zoonosis thousands of years ago. Prior to the introduction of measles vaccine, more than 130 million cases and 7-8 million deaths due to measles were estimated to have occurred annually, and almost everyone was infected during childhood. Measles mortality declined in the first half of the twentieth century in developed countries as a consequence of improvements in living conditions, better nutritional status, and the availability of antibiotics for secondary bacterial infections. The introduction of measles vaccines beginning in the 1960s led to substantial reductions in measles incidence, morbidity, and mortality in both developed and developing countries. Measles vaccines were not available for many of the world's children, however, until the World Health Organization (WHO) launched the Expanded Programme on Immunization (EPI) in 1974, which provided vaccines against six target diseases including measles. Global vaccine coverage against EPI targeted diseases increased from less than 5% at the start of the program to almost 80% by 1990.
More recently, remarkable progress has been made in reducing measles incidence and mortality as a consequence of implementing the measles mortality reduction strategy of the WHO and United Nations Children's Fund (UNICEF). This strategy focuses on 47 priority countries and includes: (1) achieving and maintaining more than 90% coverage with the first dose of measles vaccine in every district by the age of 12 months; (2) ensuring that all children receive a second opportunity for measles vaccination; (3) surveillance for measles cases and serological confirmation; and (4) provision of appropriate case management (WHO/UNICEF 2001) . Support for these efforts comes from the Measles Initiative, a partnership started in 2001 and led by the American Red Cross, the United Nations Foundation, UNICEF, the United States Centers for Disease Control and Prevention, and the WHO.
Goals and Strategies
The key to measles control is achieving and sustaining high levels of measles vaccine coverage ( Fig. 9.1 ). Different goals for measles control have been established, necessitating different vaccination strategies. Three broad goals can be defined: mortality reduction, regional elimination, and global eradication.
Mortality Reduction
Mortality reduction, the least demanding of the three goals, calls for a reduction in measles mortality from a predetermined level through reductions in incidence and case fatality. Although reducing case fatality through appropriate case management is an important component, measles mortality reduction is achieved largely through a reduction in incidence. To reduce incidence, measles vaccine is administered as a single dose through routine immunization services ( Fig. 9 . 2 ), with the optimal age 5'000'000 4'500'000 4'000'000 3'500'000 3'000'000 2'500'000 2'000'000 1'500'000 1'000'000 500'000 0 0 10   20   30   40   50   60   70   80   90   100   1980  1981  1982  1983  1984  1985  1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005 of immunization determined by the average age of infection and the rate of decline of maternal antibodies. In areas where measles is endemic, and the average age of infection is low, measles vaccine is routinely administered at 9 months of age in accordance with the EPI schedule (WHO 2004) . In countries where MV transmission has been significantly reduced, the age at first vaccination is often increased to 12-15 months, resulting in a higher proportion of children who develop protective immunity. If vaccination coverage is sufficiently high, substantial reductions in incidence and mortality occur, the period between epidemics lengthens, and the age distribution shifts toward older children and young adults, further contributing to a reduction in measles case fatality. Mortality reduction can also be achieved by proper case management, including the administration of vitamin A to persons with measles (D'Souza and D'Souza 2002) and prompt antibiotic treatment of secondary bacterial pneumonia (Duke and Mgone 2003) . Provision of vitamin A through polio and measles vaccination campaigns further contributes to the reduction in measles mortality (WHO 2005).
Regional Elimination
Measles elimination is the interruption of MV transmission within a defined geographic area, such as country, continent, or WHO region. Small outbreaks of primary and secondary cases may occur following importation from outside the region, but sustained transmission does not occur. Because of the high infectivity of MV and the fact that not all persons develop protective immunity following vaccination, a single dose of measles vaccine does not achieve a sufficient level of population immunity to eliminate measles. A second opportunity for measles immunization is necessary to provide protective immunity to children who fail to respond to the first dose, as well as to immunize those children who were not previously vaccinated. Two strategies to administer the second dose of measles vaccine have been used. In countries with sufficient health infrastructure, and where children routinely receive well-child care beyond the 1 st year of life, the second dose of measles vaccine is administered through routine immunization services, typically prior to the start of school (4-6 years of age). High coverage levels can be ensured by school entry requirements (CDC 2007) . A second approach, first developed by the Pan American Health Organization (PAHO) for South and Central America (PAHO 1999) and modeled after polio eradication strategies, involves mass immunization campaigns (called supplementary immunization activities or SIA) to deliver the second dose of measles vaccine. This strategy was successful in eliminating measles in South and Central America (de Quadros et al. 1996 and has resulted in a marked reduction in measles incidence and mortality in much of sub-Saharan Africa (Otten et al. 2005; WHO 2006b ).
The PAHO strategy consists of four subprograms: catch-up, keep-up, follow-up, and mop-up. The catch-up activity consists of a one-time, mass immunization campaign that targets all children within a broad age range regardless of whether they have previously had wild-type MV infection or measles vaccination. The goal is to rapidly achieve a high level of population immunity and interrupt MV transmission. These campaigns are conducted over a short period of time, usually several weeks, and during a low transmission season. Under the PAHO strategy, children 9 months to 14 years of age were targeted for vaccination, a substantial proportion of the total population in many countries. The appropriate target age range depends upon the age distribution of measles cases. In regions where measles is endemic, the majority of older children are likely to be immune. Nevertheless, seroprevalence studies usually are not conducted prior to catch-up campaigns, and this broad age range first adopted by PAHO has been widely used in sub-Saharan Africa and Asia. These campaigns require significant financial investments and the commitment of large numbers of personnel; extensive logistical planning to transport and store vaccines, maintain cold chains, and dispose of syringes and needles; and community mobilization to ensure participation. If successful, SIA are cost effective (Dayan et al. 2004; Uzicanin et al. 2004 ) and can abruptly interrupt MV transmission, with dramatic declines in incidence and mortality.
Keep-up refers to the need to maintain greater than 90% coverage with the first dose of measles vaccine through routine immunization services. Follow-up refers to periodic mass campaigns to prevent the accumulation of susceptible children. Followup campaigns typically target children 9 months to 4 years of age, a narrower age group than targeted in catch-up campaigns. Follow-up campaigns should be conducted when the estimated number of susceptible children reaches the size of one birth cohort, generally every 3-5 years after the catch-up campaign. These campaigns need to be conducted indefinitely because of the potential risk of MV importation, or until the health infrastructure is sufficiently developed so that the second opportunity can be provided through routine immunization services. Mop-up campaigns target difficult-to-reach children in areas of measles outbreaks or low vaccine coverage. Difficult to reach children include those living on the street or in areas of conflict.
Measles elimination also requires active surveillance for measles cases to assist outbreak response (Grais et al. 2008 ) and to monitor progress in mortality reduction and elimination. Blood samples should be collected from all suspected measles cases for confirmation by detection of IgM antibodies to MV. Measles outbreaks require serological investigation of the first five to ten cases (WHO/UNICEF 2001), with other cases linked epidemiologically. Less invasive oral fluid or dried blood spot samples also may be used, and urine or nasopharyngeal specimens should be obtained for virus isolation and genetic characterization (Bellini and Helfand 2003) . To support these activities, the WHO established the Global Measles Laboratory network in 2000 and the Measles and Rubella Laboratory Network (LabNet) in 2003, comprising over 700 laboratories in more than 160 countries (CDC 2005) .
Eradication
The Dahlem Conference on Disease Eradication (1997) defined eradication as the permanent reduction to zero of the global incidence of infection caused by a specific pathogen as a result of deliberate efforts, with the consequence that interventions would no longer be necessary (Dowdle and Hopkins 1998) . The pathogen need not be extinct. Smallpox virus, for example, exists in government laboratories in the United States and Russia, although the disease is eradicated and vaccination activities have ceased (Stone 2002) . Eradication is the most ambitious goal, requiring sustained high levels of financial investment, political commitment, and public cooperation. Presumably, measles eradication would be achieved using strategies similar to those described for elimination but applied and coordinated globally.
Progress in Measles Mortality Reduction and Elimination

Global Goals and Progress
In 2003, the World Health Assembly endorsed a resolution to reduce the number of deaths attributed to measles by 50% by the end of 2005 compared with 1999 estimates. This target was met. Global measles mortality in 2005 was estimated to be 345,000 deaths (uncertainty bounds 247,000 and 458,000 deaths), a 60% decrease from 1999 (Wolfson et al. 2007 ). Further reductions in global measles mortality were achieved in 2006, with an estimated 242,000 deaths (uncertainty bounds 173,000 and 325,000 deaths) ( Fig. 9 .3 ) (WHO 2007b). These estimates are not based on active surveillance for measles deaths but instead are derived from models of measles incidence and mortality, using estimated measles vaccine coverage and case fatality rates.
The revised global measles mortality reduction goal set forth in the WHO-UNICEF Global Immunization Vision and Strategy (GIVS) for 2006-2015 is to reduce measles deaths by 90% by 2010 compared to the estimated 757,000 deaths in 2000 (WHO/UNCF 2005). The financial resources required to achieve the 
Regional Progress in Mortality Reduction and Elimination
Four WHO regions set measles elimination goals: Americas (2000), Europe (2010), Eastern Mediterranean (2010) The two regions where most measles deaths occur (Table 9 . 1 ), Africa and South-East Asia, have measles mortality reduction goals, although many countries in these regions have implemented the WHO-UNICEF strategy of providing a second opportunity for measles vaccination through SIA, resulting in dramatic declines in (Parker et al. 2006) . Despite 98% measles vaccination coverage in the state of Indiana (among sixth-graders), 34 cases of measles resulted, of whom 94% were unvaccinated. Second, the widespread circulation of MV and ease of global travel allows for MV importation. Perhaps surprisingly, these importations frequently arise from countries with ample resources for measles control. A multistate outbreak of measles in 2007 occurred at an international sporting event after importation from Japan (CDC 2008a), the country responsible for the most imported cases of measles into the US over the past several years (Takahashi and Saito 2008) . Thousands of measles cases occur annually in Japan as a consequence of low vaccination coverage resulting from the relaxing of vaccination requirements after an outbreak of aseptic meningitis from the Urabe mumps vaccine strain (Gomi and Takahashi 2004) . Third, as measles control efforts are increasingly successful in reducing disease incidence, public perceptions of the risk of measles diminish and are replaced by concerns of possible adverse events associated with measles vaccine. An outbreak of measles in San Diego in 2008, imported from Switzerland, resulted in 11 additional cases in unvaccinated children and two generations of secondary cases (CDC 2008b). Among the nine cases older than 1 year of age, eight were unvaccinated because of personal exemption beliefs.
Feasibility of Measles Eradication
The possibility of measles eradication has been discussed for almost 40 years (Sencer et al. 1967) , beginning in the late 1960s when smallpox eradication was nearing completion and the long-term protective immunity induced by measles vaccine became evident. Three criteria are deemed important for disease eradication: (1) humans must be critical to transmission; (2) sensitive and specific diagnostic tools must exist; and (3) an effective intervention must be available (Dowdle and Hopkins 1998) . Interruption of transmission in large geographical areas for prolonged periods further supports the feasibility of eradication. Measles is thought by many experts to meet these criteria (de Quadros 2004; Orenstein et al. 2000) .
Biological Feasibility of Measles Eradication
MV meets many of the biological criteria for disease eradication. MV has no nonhuman reservoir, infection can be readily diagnosed after onset of a rash, and MV has not mutated to significantly alter immunogenic epitopes (Moss and Griffin 2006) . Although MV displays sufficient genetic variation to conduct molecular epidemiologic analyses (WHO 2006a), the epitopes against which protective antibodies develop have remained stable, likely because of functional constraints on the amino acid sequence and tertiary structure of the MV surface proteins (Frank and Bush 2007) .
Where MV differs from smallpox and polio viruses is that it is more highly infectious, necessitating higher levels of population immunity to interrupt transmission. Outbreaks can occur in populations in which less than 10% of individuals are susceptible. The contagiousness of MV is best expressed by the basic reproductive number R o , which represents the mean number of secondary cases that would arise if an infectious agent were introduced into a completely susceptible population. R o is a function not only of the infectious agent, but also of the host population. The estimated R o for MV is 12-18, in contrast to 5-7 for smallpox and polio viruses and 2-3 for SARS-coronavirus. The high infectivity of MV implies that a high level of population immunity (approximately 92%-94%) is required to interrupt MV transmission (Gay 2004 ).
Technical Feasibility of Measles Eradication
Measles vaccines are safe and effective and have interrupted MV transmission in large geographic areas, providing the critical tool for measles eradication. Despite progress in measles mortality reduction and elimination, there are several limitations of the licensed vaccines that may make measles eradication more challenging. First, attenuated measles vaccines are inactivated by heat and a cold chain must be maintained to support measles immunization activities. Second, in contrast to oral polio vaccines, measles vaccines must be injected subcutaneously or intramuscularly, necessitating trained healthcare workers, needles, syringes, and proper disposal of hazardous waste. Third, both maternally acquired antibodies and immunological immaturity reduce the protective efficacy of measles vaccination in early infancy, hindering effective immunization of young infants (Gans et al. 1998) . Fourth, the attenuated measles vaccine has the potential to cause serious adverse events, such as lung or brain infection, in severely immunocompromised persons (Angel et al. 1998; Monafo et al. 1994) . Lastly, a second opportunity for measles vaccination must be provided to achieve sufficient levels of population immunity to interrupt MV transmission.
The duration of immunity following measles vaccination is more variable and shorter than following wild-type MV infection, but persists for decades even in countries where measles is no longer endemic and immunological boosting from wild-type MV infection does not occur (Amanna et al. 2007; Dine et al. 2004) . Although antibody levels induced by vaccination may decline over time and become undetectable, immunological memory persists and most vaccinated persons produce a MV-specific immune response without clinical symptoms following exposure to wild-type MV.
Logistical Feasibility of Measles Eradication
The elimination of measles in large areas, such as the Americas, suggests that measles eradication is feasible with current vaccination strategies (CDC 1997; de Quadros 2004; Meissner et al. 2004) . Perhaps the major logistical challenge to measles eradication will be sustaining the financial resources, political will, and public confidence to implement widespread and coordinated measles vaccination and surveillance activities.
Challenges to Global Measles Eradication
Global measles eradication will face a number of challenges to achieving and sustaining high levels of vaccine coverage and population immunity. Serious discussion of measles eradication is not likely to take place before polio eradication is achieved. Garnering the necessary political and public support for measles eradication will be extremely difficult should polio eradication efforts fail.
Challenges to Achieving High Levels of Measles Vaccine Coverage
Sustainability of Current Measles Control and Elimination Strategies
To eradicate measles, high levels of population immunity need to be sustained through coverage with two doses of measles vaccine. Because the first dose of measles vaccine is administered through routine immunization services, strengthening the primary healthcare system will further this goal. However, the long-term sustainability of mass vaccination campaigns is unclear as these activities make additional demands on the resources and staff of the primary healthcare system and require continued public support in the face of decreasing disease burden and perception of public health importance. The polio eradication campaign in Nigeria, for example, was perceived negatively to trigger a massive outbreak response for just three confirmed cases of polio in Adamawa State in 2005, whereas hundreds of deaths due to measles did not result in a comparable response (Schimmer and Ihekweazu 2006) . Countries dependent upon SIA to deliver the second dose of measles vaccine will need to strengthen their primary health care systems to provide this dose beyond the 1st year of life. Ensuring the necessary supply of measles vaccine as eradication efforts progress will be critical (Costa et al. 2003) , requiring close collaboration with vaccine manufacturers and the understanding that vaccination may decrease or cease should eradication be achieved.
Public Perceptions of Vaccine Safety and Public Health
Loss of public confidence in vaccines can significantly impair control efforts, as demonstrated by the poliovirus outbreaks in northern Nigeria, which subsequently spread across several continents (Katz 2006) . Numerous measles outbreaks have occurred in communities opposed to vaccination on religious or philosophical grounds (CDC 2000) or because of unfounded fears of serious adverse events (Feikin et al. 2000) . Garnering the political will and public support for measles eradication is likely to be difficult in countries where the burden of disease due to measles is not recognized and unfounded fears of serious vaccine adverse events are common.
Much public attention has focused on a purported association between measlesmumps-rubella (MMR) vaccine and autism following publication of a report in 1998 hypothesizing that MMR vaccine may cause a syndrome of autism and intestinal inflammation (Wakefield et al. 1998 ). The events that followed, and the public concern over the safety of MMR vaccine, led to diminished vaccine coverage in the United Kingdom and provide important lessons in the misinterpretation of epidemiologic evidence and the communication of scientific results to the public (Offit and Coffin 2003) . As a consequence, measles outbreaks became more frequent and larger in size (Jansen et al. 2003) . Several epidemiological studies and comprehensive reviews of the evidence rejected a causal relationship between MMR vaccination and autism (DeStefano and Thompson 2004; Madsen et al. 2002) .
Conflict and Political Instability
Maintaining high levels of measles vaccine coverage in areas of conflict and political instability is challenging (Senessie et al. 2007) , and devastating measles outbreaks occur frequently in refugee populations and internally displaced populations (Connolly et al. 2004) . Measles case fatality rates in such settings have been as high as 20%-30% (Salama et al. 2001) . Progress in global control has made outbreaks of measles less likely in some regions, although outbreaks continue to occur in refugee and internally displaced populations with low levels of immunity (Kamugisha et al. 2003) . Polio vaccination campaigns have been successfully conducted during scheduled cease-fires in regions of conflict ("days of tranquility") (Tangermann et al. 2000) and similar results should be achievable for measles vaccination campaigns, although more highly skilled healthcare workers are needed to administer parenteral measles vaccine than oral poliovirus vaccine.
Population Growth and Demographic Changes
The world's population is predicted to increase 2.5 billion from 2007 to 2050, from the current 6.7 billion to 9.2 billion (UN 2007) . This increase is equivalent to the total number of people in the world in 1950. Population growth will be greatest in the less developed regions of the world, increasing from 5.4 billion in 2007 to 7.9 billion in 2050 (UN 2007) , where the proportion of people younger than 15 years of age is greatest. Specifically, the population of the 50 least developed countries will likely more than double, increasing from 0.8 billion in 2007 to 1.7 billion in 2050 (UN 2007) . This increase in global population, particularly in less developed countries, will require additional resources, personnel, and vaccine supplies just to maintain current levels of vaccine coverage.
Most of the predicted population growth will take place in urban areas of less developed countries (Cohen 2003) . Currently, more than half of the world's population lives in urban areas, and one in three urban residents live in slums, with a much higher proportion in sub-Saharan Africa and Asia (Dye 2008; UNPF 2007) . Measles elimination may be particularly difficult in impoverished areas of large cities in Africa and Asia where several factors converge to facilitate MV transmission, including the high population density and difficulties in achieving high vaccination coverage. A critical question regarding measles eradication is whether the epidemiological conditions are sufficiently different in the large, densely populated cities of Africa and Asia than in the Americas to hinder measles eradication efforts.
Challenges to Achieving High Levels of Population Immunity
Impact of the HIV-1 Pandemic
In regions of high HIV prevalence and crowding, such as urban centers in sub-Saharan Africa, HIV-infected children may play a role in the sustaining MV transmission (Moss et al. 1999) . Children with defective cell-mediated immunity can develop measles without the characteristic rash (Moss et al. 1999) , hampering diagnosis, and HIV-infected children have prolonged shedding of MV RNA (Permer et al. 2001) , potentially increasing the period of infectivity. Children born to HIVinfected mothers have lower levels of passively acquired maternal antibodies, increasing susceptibility to measles at an earlier age than children born to uninfected mothers (Moss et al. 2002; Scott et al. 2007) , and protective antibody levels following vaccination wane within 2-3 years in many HIV-infected children not receiving antiretroviral therapy , creating a potential pool of susceptible children (Tejiokem et al. 2007 ). Thus, population immunity could be reduced in regions of high HIV-1 prevalence despite high levels of measles vaccine coverage.
Counteracting the increased susceptibility of HIV-infected children is their high mortality rate, particularly in sub-Saharan Africa, such that these children do not live long enough to build up a sizeable pool of susceptible children (Helfand et al. 2005) . Successful control of measles in the countries of southern Africa suggests that the HIV-1 epidemic is not a major barrier to measles control (Biellik et al. 2002; Otten et al. 2005) . This may change with increased access to antiretroviral therapy, which may prolong survival without enhancing protective immunity in the absence of revaccination. Using a dynamic, age-structured mathematical model, the prevalence of measles increased after introduction of antiretroviral therapy into a hypothetical population of children with a high prevalence of HIV-1 infection (Scott et al. 2008 ).
Challenges to Sustained Measles Eradication
Potential Use of Measles Virus as an Agent of Bioterrorism
The high infectivity of MV is a characteristic suitable to a bioterrorist agent, but high levels of measles vaccination coverage throughout the world would protect many persons from the deliberate release of MV. Genetic engineering of a MV strain that was not neutralized by antibodies induced by the current measles vaccines would likely have reduced infectivity, as suggested by the fact that wild-type MV has not mutated to alter neutralizing epitopes. Whether the threat from bioterrorism precludes stopping measles vaccination after eradication is unclear but, at the least, a single-dose rather than a two-dose measles vaccination strategy could be adopted (Meissner et al. 2004) .
Prospects for Measles Eradication
The measles eradication end-game is likely to be different than that for smallpox or polio viruses (Gounder 1998; Morgan 2004) . In contrast to polioviruses, prolonged shedding of potentially virulent vaccine viruses and environmental viral reservoirs will not be challenges to measles eradication. Although MV can be carried by persons during the incubation period, transmission from mobile, asymptomatic carriers is not as common as with poliovirus. However, higher levels of population immunity are necessary to interrupt MV transmission, more highly skilled healthcare workers are required to administer measles vaccines, and containment through case detection and ring vaccination will be more difficult for MV than smallpox virus because of infectivity before rash onset. New tools, such as aerosol administration of measles vaccines (Low et al. 2008) , will facilitate mass vaccination campaigns, allowing less highly trained workers to administer vaccine and diminishing the medical waste disposal problems. Critics of eradication programs claim they can divert resources from primary healthcare and are imposed on countries or communities from outside. Enormous resources and efforts may be required to eradicate the few remaining measles cases, and the economic and social costs of eradication need to be carefully considered (Cutts and Steinglass 1998) . Despite enormous progress, measles remains a leading vaccine-preventable cause of childhood mortality worldwide, and continues to cause outbreaks in communities with low vaccination coverage rates in industrialized nations. To achieve the measles mortality reduction goal, continued progress needs to be made in delivering measles vaccines to the world's children.
